Oligopeptides have been recognized as signaling molecules playing an important role in plant cell growth and development. Phytosulfokine-alpha (PSK), a plant-specific disulfated pentapeptide, is involved at nanomolar concentrations in initial steps of cellular dedifferentiation, proliferation, and re-differentiation, with a biological function similar to that of plant hormones. On the other hand, legume crops are generally known for their recalcitrance to in vitro regeneration approaches, which has restrained the exploitation of biotechnological tools for their genetic improvement. Against this background, we added PSK at concentrations of 10 −10 to 10 −6 M, to semisolid MS-based culture media previously shown to permit some regeneration responses with pea (Pisum sativum) and highly recalcitrant faba bean (Vicia faba). Callus, cell suspensions and embryoderived explants of pea cultivars Frisson and Cameor and a low vicin, zero tannin faba bean genotype (Fevita © ) were assessed for their embryogenic and organogenic regeneration competence. For all genotypes, PSK reliably and significantly enhanced the regeneration competence producing somatic embryos and organs that yielded regenerated plants of both pea cultivars, and had a major organogenic effect leading to plant regeneration with faba bean where somatic embryos, although produced, failed to convert into viable plants. This is the first report on the use of PSK with legume species.
Introduction
It has been recognized for two decades that oligopeptides play a major role in plant cell growth and development through their action as signaling molecules (Matsubayashi et al. , 1997 (Matsubayashi et al. , 2002 Ryan and Pearce 2001; Bahyrycz et al. 2004) . Among them, phytosulfokine-alpha (PSK) stands out as a plant-specific disulfated pentapeptide that has been isolated originally from the conditioned medium of an Asparagus officinalis mesophyll cell culture by as a potent mitogenic factor in plants, with highest activity at concentrations between 10 −11 and 10 −8 M, so that its biological function has been equated to that of plant hormones (Ryan and Pearce 2001) . At such nanomolar concentrations, PSK was shown to be involved in the initial steps of cell dedifferentiation, proliferation, and re-differentiation (Igasaki et al. 2003; Matsubayashi et al. 2004) . PSK not only induced cell division in suspension and protoplast cultures Matsubayashi et al. 1997; Maćkowska et al. 2014 ), but also appeared to play a role in aspects of plant development and reproduction as varied as the plant defenses by initiating auxin-dependent inmunity to pathogens (Zhang et al. 2018) , the formation of treachery elements and adventitious roots (Yamakawa et al. 1998a; Matsubayashi et al. 1999 Matsubayashi et al. , 2002 Matsubayashi et al. , 2004 , somatic embryogenesis competence (Kobayashi et al. 1999; Igasaki et al. 2003 ) and pollen germination (Chen et al. 2000) . Thus, PSK could be a promising supplement Communicated by Maurizio Lambardi.
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for in vitro plant cultures in addition to, or even in place of, the commonly used auxins and cytokinins (Bahyrycz et al. 2004 ) particularly when dealing with regenerationrecalcitrant species. Indeed, when PSK was applied to Oryza sativa and Beta vulgaris protoplast cultures a significant increase in plating efficiency was observed for both species (Matsubayashi et al. , 1997 Grzebelus et al. 2012b) . Likewise, working with protoplast cultures Grzebelus et al. (2012a) found that all seven Daucus accessions tested exhibited a more than 10% higher level of plating efficiency on a medium supplemented with 100 nM PSK in comparison with the PSK-free control medium, and coupled with a fourfold higher rate of somatic embryogenesis from the protoplast-derived cultures on PSK medium. Interestingly though, for two of the wild Daucus species in the study of Grzebelus et al. (2012a) , the stimulation of cell activity was restricted to the early culture stages but gradually stopped thereafter whereby no callus were recovered. This would suggest a strong genotype-dependent effect on PSK efficacy in fostering sustained division of the protoplast-derived cells. PSK also significantly promoted somatic embryogenesis in cell suspension cultures of carrot (Hanai et al. 2000) and Cryptomeria japonica (Igasaki et al. 2003 ) but, to date, the action of PSK has never been studied in legume crops.
Grain legume species in general are recognized as recalcitrant to regeneration in vitro both by organogenesis and somatic embryogenesis (Lakshmanan and Taji 2000) and this has significantly slowed down advances in gene transfer (Atif et al. 2013 ) and genome editing (Karkute et al. 2017 ) with these species compared to crops more amenable to in vitro biotechnology approaches. In this context, and despite a long history of use in genetic studies, pea (Pisum sativum L.) remains difficult to regenerate in vitro even if there are a number of successful examples from various tissue and cell sources in the literature, and the main problem seems to be a strong genotype-dependent response (Ochatt et al. 2010) . The case appears to be even more compelling with faba bean (Vicia faba L.), which is more recalcitrant than pea with respect to in vitro regeneration from callus and exhibits and even stronger genotype-specificity (Böttinger et al. 2001; Somers et al. 2003) .
In pea, several studies have shown that plants can be regenerated from embryonary explants (Griga et al. 1986; Sanago et al. 1996; Ochatt et al. 2000a) , and also from protoplasts (Ochatt et al. 2000b ), but on all such cases regeneration responses were strongly dependent on the genotype studied and somatic embryogenesis was rare and inefficient, which was recently correlated to different kinds of stress (Ochatt and Revilla 2016) that induced overexpression of various genes associated with the cell cycle control (Elmaghrabi et al. 2013 (Elmaghrabi et al. , 2017 .
On the other hand, in faba bean, the pre-existence of meristems in cultured initial explants seems to have been often a requirement for organogenesis, as reported from epicotyl segments (Böttinger et al. 2001; Skrzypek et al. 2013) , embryo axes subsequently used for transformation (Hanafy et al. 2005) , individual cotyledon explants with halved embryonal axes (Anwar et al. 2011; Ismail et al. 2001) , and shoot apices and cotyledonary nodes of faba bean cultivars with zero tannins (Klenotičova et al. 2013 ). More recently, Abdelwahd et al. (2014) assessed this latter type of explant to favor transformation efficiency. In terms of somatic embryogenesis, examples are limited to one 30 year old article where no somatic embryo-derived plants were recovered (Griga et al. 1987) . It surprisingly appears that most regeneration protocols reported in faba bean had low repeatability or were successful only in a given laboratory.
The advent of the so called new plant breeding techniques (NPBT) for genome editing through gene transfer and CRISPR-Cas9 makes the availability of efficient and reproducible regeneration approaches for grain legumes a must if they are to benefit from them, and in this paper we assessed PSK as a novel effector of regeneration in two members of this group of species, pea and faba bean.
Materials and methods

Plant materials
Three typically recalcitrant genotypes were used throughout these studies: two cultivars of pea (Pisum sativum L.) Frisson and Cameor which are both difficult to regenerate by organogenesis (Ochatt et al. 2000a ) and very rarely undergo somatic embryogenesis (Ochatt et al. 2000b) , and the isogenic line EE 0T0V (0 tannin, low vicine, Fevita © ; Duc et al. 1999 ) of faba bean (Vicia faba L.) which is highly recalcitrant to organogenesis in vitro and non-embryogenic.
To render the experiments comparable and assess the general effect of PSK on regeneration competence via both organogenesis and somatic embryogenesis all three studied genotypes were cultured on the same media, and the same differentiated explants were assessed. Thus, leaf folioles from seedlings germinated in vitro on a hormone-free MS (Murashige and Skoog 1962) medium with 30 g/l sucrose and 6 g/l agar were compared with cotyledons, hypocotyls and cotyledonary nodes taken from seeds germinated for 48-72 h on a moist filter paper.
On the other hand, undifferentiated callus derived from leaves of faba bean EE0T0V and of the two pea cultivars Frisson and Cameor were compared. Finally, cell suspensions of cultivar Frisson, previously tested for their regeneration competence on different culture media and conditions were also used as one of the tissue sources for the assessments.
Culture media
All explant and tissue sources above were cultured on a range of semisolid media all based on MS salts and vitamins, containing 30 g/l sucrose, 6 g/l agar and supplemented with either of four combinations of growth regulators previously used for sustained proliferation and regeneration in various grain legumes i.e., -for differentiated tissues, with 2 µM BAP alone (medium BAP) or combined with 0.5 µM NAA (medium B6), or with 1.8 µM TDZ alone (medium T4) -for undifferentiated tissues, with 4.5 µM 2,4-d, 4.6 µM Kin, 250 mg/l tryptone and 250 mg/l casein enzymatic hydrolysate (medium CSM).
These four media had the pH adjusted to 5.6 and were used as such (control media) or were also supplemented with PSK (C 33 H 46 N 6 O 16 S 2 , MW 846.88, Supplementary Fig. 1 ; Peptide Institute Inc, Japan), at 10 −10 , 10 −8 , and 10 −6 M. Briefly, PSK comes as a lyophilized amorphous powder from an aqueous ammonia solution as a sterile vial containing exactly 0.14 µM of titled PSK, from which dilutions at the appropriate concentrations are prepared with sterile ultra-pure water, aliquoted and freeze stored until use. Media for all cultures were dispensed into 5 × 5 multi-well dishes with 2.0 ml medium/well.
Culture conditions
Both the explants and the callus tissues of pea and faba bean were kept at 22 ± 2 °C under a photoperiodic light regime of 90 µE/m 2 /s, and for both pea cultivars callus grown at the same temperature but in the dark were also tested. In addition, cell suspensions of pea cv Frisson were plated on the same semisolid medium as callus tissues and compared with them. All cultures were transferred onto fresh media of the same composition monthly.
For cultures undergoing organogenesis, the shoots regenerated were excised, individually or as small clumps, and were transferred onto fresh medium of the same composition for further growth. Once internodes elongated, the resulting shoots were transferred for rooting onto half strength MS-based medium supplemented with NAA at 5.4 µM or deprived of auxins, as successfully used in the past for various grain legume species (Ochatt et al. 2000a .
For embryogenic cultures, the rate of responding callus was determined and the successive developmental stages of somatic embryos (globular, heart, torpedo, cotyledonary) were recorded for each medium. Mature (i.e. torpedo or cotyledonary) embryos produced were transferred onto hormone-free medium for subsequent germination and conversion into plantlets.
Rooted plants regenerated were weaned 10 days in a mini greenhouse on a mixture of peat, attapulgite and soil (1:1:1), and then transferred onto bleach washed pozzolane (natural volcanic rock) or a mixture of liapore:zeolite (1:1), mildly alkaline, with high absorption capacity, and watered weekly thereafter, under greenhouse conditions.
For each medium tested, a minimum of 25 replicates per explant and 50 replicates for callus were assessed, and experiments were repeated twice with each independent genetic background and tissue or explant source examined. Data are the mean (± SD) from the three independent replicated experiments with at least 25 replicates per medium and condition tested, and were statistically analyzed by ANOVA (p = 0.05).
Analysis by flow cytometry
Leaves (25 mm 2 ) and calluses (125 mm 3 , differentiating or not), were examined by flow cytometry alone and compared to a leaf control of the same genotype and/or to leaves of barrel medic (Medicago truncatula Gaertn. R108; 0.58 pg DNA 1C/nucleus; Ochatt 2008).
True-to-typeness, of calluses and regenerants therefrom compared to the original plant was analyzed using nuclei from leaves and callus tissues (at mid-term of any given subculture passage) mechanically isolated by chopping them in 400 µl nuclei extraction buffer and 1.6 ml staining buffer (Sysmex, France), containing 4,6-diamidino-2-phenylindole dihydrochloride (DAPI), and filtered through a 50 µm mesh (Ochatt 2008) .
For the determination of relative nuclear DNA content of regenerated plants of faba bean, they were compared to seedlings of pea and barrel medic, with leaves from the three chopped together and analyzed simultaneously, with propidium iodide (PI) as stain instead of DAPI and under argon laser excitation, as previously done for other legume species . Calculations of genome size were performed applying the formula by Doležel et al. (2003) , where 1 pg DNA = 978 Mpb. Similar assessments for pea regenerants had shown them to be true-to-type before (Ochatt et al. 2000b ) and were also performed.
For assessments of AT/GC ratio, calculated as reported by Ochatt et al. (2013) , two fluorochromes were used: DAPI which forms a fluorescent complex by attaching in the minor groove of A-T-rich sequences of DNA, and chromomycine A3 (0.5 µg CMA3/ml of nuclei suspension dissolved in McIlvaine buffer at pH 7.0) which is G-C specific and forms complexes with helical DNA in presence of Mg 
Results
Regeneration through organogenesis
Responses in Vicia faba L. line EEOVOT were unreliable
A first series of experiments was aimed at assessing the regeneration responses of the faba bean line EE0T0V, given the known recalcitrance of faba bean to in vitro regeneration approaches in general. During such preliminary tests, shoots were regenerated via organogenesis from callus derived from all three embryonic explants at variable rates (25% from hypocotyls, 35% from cotyledons and 55% from the cotyledonary nodes) but not from leaves ( Fig. 1) . Some of the shoots derived from cotyledonary nodes, i.e. with preexisting meristems, also had elongated internodes (Fig. 1a) and were amenable to subsequent rooting. However, most regenerated shoots were hyperhydric, exhibited severe basipetal oxidation and were ultimately non-rootable (Fig. 1b) . Adding ascorbic acid (100 mg/l; Sahu et al. 1993) , citric acid (100 mg/l), the summation of both citric and ascorbic acids (100 mg/l of each) or PVP-10 (1%, w/v) as antioxidants permitted a substantial improvement of de novo regeneration from callus derived from the embryonic explants and also from leaves (which were unresponsive before; Fig. 1c-g ), both by organogenesis and, although erratically, also via embryogenesis (Fig. 1h) . However, for a sustained growth without polyphenolic oxidation the regenerated shoots had to be constantly kept on media with antioxidants as used during regeneration. Among them PVP-10 gave the best results (up to 75% of non-oxidated cultures), and only shoots obtained via organogenesis from callus were rooted (Fig. 1i ) and acclimated in vivo (Fig. 1j, k) , where they flowered and set seed (Fig. 1l-n) . Unfortunately, these methods were inefficient due to a reduced reproducibility between experiments, regardless of the regeneration media used. Regenerants were characterized by flow cytometry using M. truncatula R108 and P. sativum cv. Frisson as internal standards (Fig. 1o) , showing a relative 1C DNA content of 11.85 pg DNA/nucleus (identical to mother plants) and coupled with an AT/GC ratio of 61.9/38.1 (vs. 0.48 pg DNA 1C and 62.1/37.9 AT/GC ratio for M. truncatula and 4.2 pg 1C DNA with a 65.7/34.3 AT/GC ratio for P. sativum). These results prompted all subsequent experiments to test the effects of PSK on regeneration.
PSK significantly improved organogenesis in faba bean
Best results in absence of PSK were obtained from cotyledonary nodes (i.e. with pre-existing meristems; see above) and on media with BAP alone or combined with NAA, while no response was observed on T4 medium (with TDZ). Adding PSK significantly improved responses, that were doubled with 10 −10 M PSK added to BAP medium, and fourfold higher when 10 −8 M PSK was added to B6 medium (with BAP and NAA). Moreover, on T4 medium 10 −8 M PSK also favored regeneration, and was further improved with PSK at 10 −6 M, where rooted plants were directly recovered while PSK-free medium or 10 −10 M PSK did not even provide shoots (Figs. 2a-c, 3a) .
Hypocotyl explants (Fig. 2a) only regenerated shoots on medium BAP without PSK or on B6 with 10 −10 or 10 −8 M PSK (giving 3, 6 and 7 shoots per explant, respectively), while T4 medium failed to induce organogenesis from faba bean hypocotyls whatever the PSK concentration tested (Fig. 3a) .
Organogenic responses from the cotyledon explants were comparable to those in the preliminary experiments above, i.e. with best results on BAP or B6 media. However, adding 10 −10 M PSK reduced explant precocious necrosis and permitted a reliable shoot regeneration, while 10 −8 M PSK favored also the regeneration of an increased number of shoots per explant (Fig. 3a) .
It is noteworthy that the age of seeds used as source of the embryonic explants also significantly affected regeneration responses, and old seeds generally gave a lower rate of regenerating explants and coupled with a much reduced number of shoots (1 or 2) per responding explant. Explants from aged seeds were also more prone to phenolic oxidation, darkened from the apex to the shoot base and finally died, irrespectively of the specific embryonic explant used as source, even if 14% of cotyledon explants from old seeds still regenerated shoots on BAP medium if 10 −8 M PSK was added.
Fig. 1 In preliminary tests with V. faba EE OV OT, shoots regenerated from embryo explants (a-d), some had elongated internodes (a) but most were hyperhydric and non-rootable (b). Results were improved with ascorbic acid, citric acid or PVP-10 as antioxidants (c, d). De novo regeneration occurred from callus (d-h) by organogenesis (e-g) and embryogenesis (h). Plants recovered were rooted (i)
and acclimated in vivo (j, k) where they flowered (l, m) and set seed (n). Genome size of regenerants characterised by flow cytometry with propidium iodide (PI) using M. truncatula and P. sativum as internal standards (o)
◂
Organogenic responses in Pisum sativum L. were less dependent on PSK addition
On the media tested, the leaf explants of pea cv. Cameor became hyperplasic then gave a callus proliferation from the internerval tissues that preceded organogenesis with shoot production from all portions of the explant (i.e. folioles, petioles and stipules). Interestingly, direct shoot regeneration without an intervening callus was also observed on media BAP, B6 and T4, but not on medium CSM. Differently from leaves, embryo-derived explants of pea were more organogenic and 50-90% of cotyledonary nodes regenerated shoots, followed by 30-55% of hypocotyls while organogenesis was only anecdotal from cotyledons (Figs. 2d, 3b ), in line with results observed before (Ochatt et al. 2000a ).
For cotyledonary nodes (i.e. with pre-existing meristems), PSK at 10 −6 and 10 −8 M increased the efficacy of media BAP and T4 but reduced that of B6 medium when less than 10 −6 M PSK was added (Fig. 2d) . Thus, PSK increased the number of stems per meristem produced at 10 −8 and 10 −10 M, but was coupled with necrosis in 30% of explants on B6 medium. PSK also amplified the responses from meristems, particularly at 10 −10 M PSK on BAP medium and at 10 −8 M PSK for medium T4 (Fig. 3b) . In addition, on T4 medium supplemented with 10 −8 M PSK, 100% of rooted plants developed from the cultured meristems (Fig. 2d-f ) versus 20% on medium T4 without PSK, 40% at 10 −6 M PSK and none at 10 −10 M PSK. Noteworthy, media BAP or B6 never gave any rooted plant from cultured meristems regardless of the presence or concentration of PSK (Fig. 2d) , and a non-negligible proportion of severely hyperhydric explants also occurred.
Hypocotyl explants (Fig. 3b ) underwent organogenesis on media T4 and BAP, containing only a cytokinin, but optimum responses occurred on medium B6, which Finally, cotyledon explants were the least organogenic whatever the hormonal content of the medium (Fig. 3b) , with a total absence of organogenesis on PSK-free media and coupled with 50% of explants forming callus on media without auxin but of up to 85% on medium B6, and inversely in terms of explant necrosis. Thus, shoot regeneration from the cotyledons was only observed for 5% of explants (with 2-4 shoots/explant) on medium BAP supplemented with 10 −10 or 10 −6 M PSK.
Regeneration through embryogenesis from callus
PSK dramatically improved responses in faba bean but embryos did not convert into plantlets
Numerous somatic embryos regenerated from the leaf callus tissues of faba bean did not complete their development and were therefore unable to convert into plantlets (Fig. 4) . Typically, somatic embryos developed through the normal sequence of stages, i.e. globular, heart and torpedo (Fig. 4b ) but then (instead of proceeding to the cotyledonary stage and germinate) dedifferentiated and proliferated as callus tissues again (Fig. 4c) . The media most favorable for embryogenesis were those lacking auxin, i.e. media BAP and T4, where the rate of embryogenic cultures was significantly improved by the addition of all concentrations of PSK tested, and the best responses occurred on medium T4 with 10 −10 M PSK, where all callus systematically underwent embryogenesis (n = 50 replicates) (Fig. 4d, e) . As compared, adding PSK had little effect on embryogenesis on medium B6 while media BAP and T4 provided much better responses, 44% higher for BAP plus 10 −8 M PSK and up to 70% higher for medium T4 with 10 −10 M PSK.
PSK induced somatic embryogenesis in callus of hitherto non-embryogenic pea genotypes
For pea cultivar Frisson, somatic embryos were formed in absence of PSK in 56% of callus on medium B6, raising up to 84% for callus grown on the two media deprived of auxin (BAP and T4). Unfortunately, neither of these were capable of completing their development to the cotyledonary stage and convert into plantlets unless PSK was added to the medium. A distinction should be made between Frisson callus resulted from proliferation of plated suspension cultures grown under a photoperiodic light regime ( Fig. 5a-d ) and those constantly maintained as callus and in dark until their transfer to the photoperiodic regime ( Fig. 5e-h ). For Frisson callus from cell suspension cultures already grown under a photoperiodic light regime, absence of PSK equated with absence of any kind of differentiation, whatever the hormonal composition of the medium. T4 medium favored the largest proliferation of callus and exhibited a dose-response effect on the induction of somatic embryogenesis from such callus, which was maximum at 10 −6 M PSK (32% of embryogenic callus) followed by 10 −8 M PSK and 10 −10 M PSK (22 and 18% embryogenic callus, respectively). Unfortunately, such somatic embryos ultimately failed to complete development beyond the torpedo stage and re-callused (Fig. 5b, c) . Switching to BAP medium was detrimental and somatic embryogenesis was only anecdotal and restricted to media where PSK was added, while addition of auxin (medium B6) was detrimental for somatic embryogenesis, which was not observed even if PSK was added.
Conversely, Frisson callus from dark culture rapidly greened under light conditions and yielded far better differentiation responses (Fig. 5e-h ). In absence of PSK, 44% (media BAP and B6) to 55% (medium T4) of callus exhibited organogenesis simultaneously with the induction of somatic embryos, but these failed to develop beyond the Fig. 4 Effect of PSK on somatic embryogenesis from callus of faba bean EE0T0V originally cultured in the dark (a-c). The percentage of embryogenic callus (d) and the mean ± SD of mature somatic embryos per callus formed in the different media (e) is also shown.
Bars with different letters between PSK concentrations for each medium (n = 25, three independent replicated experiments) indicate significant differences (p < 0.05) late heart stage, quickly yellowed and their growth was arrested. On the other hand, the addition of PSK permitted to discriminate between the three tested media in terms of their efficacy to induce somatic embryogenesis from callus cultures ( Fig. 5d-h ). Thus, medium BAP gave only 28% of embryogenic callus when supplemented with 10 −6 M PSK while the two lower PSK concentrations did not support any response. On medium B6 there was a clear dose-response to PSK, with embryogenesis occurring in 60% of calli on 10 −10 M PSK lowered to 52% on 10 −8 M PSK and only 12% on 10 −6 M PSK. None of these somatic embryos were able to convert into plantlets. Finally, on medium T4 a similar dose-response of PSK occurred, with embryogenesis recorded in 64% of callus on 10 −10 M PSK, 56% of callus on 10 −8 M PSK and 52% of callus on 10 −6 M PSK. Importantly, these somatic embryos did mature to the cotyledonary stage and ultimately germinated to give plantlets.
Likewise, for the pea cultivar Cameor few callus underwent embryogenesis on medium BAP with 10 −8 M PSK, even less somatic embryos per callus were observed on medium B6 (with BAP plus NAA) provided 10 −6 M PSK was added, and best responses were recorded on medium T4. 
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Noteworthy, by the end of a 1 month passage on T4 regeneration media, the somatic embryos of Cameor produced remained blocked at the torpedo stage. However, upon a subsequent transfer onto fresh medium of the same composition, somatic embryos formed on medium T4 with PSK were able to proceed to the cotyledonary stage at a rate of 12% for 10 −6 M PSK and 44% for 10 −8 M PSK, while 24% of the somatic embryos regenerated on callus with 10 −10 M PSK converted into plants after transfer.
As also observed for the plants regenerated via organogenesis, the somatic embryo-derived plants of both cultivars of pea obtained on media supplemented with PSK exhibited precocious flowering, coupled with pod formation and seed set.
For all pea and faba bean regenerants obtained, irrespective of the tissue source or regeneration pathway, flow cytometry assessments showed them to be true-to-type.
Discussion
Despite several reports of successful regeneration with various species (Gatti et al. 2016; Jacob et al. 2016) , legume crops including pea and faba bean are still considered as highly recalcitrant (Atif et al. 2013; Skrzypek et al. 2013; Ochatt and Revilla 2016) . In particular their competence for somatic embryogenesis was strongly genotype dependent in pea (Ochatt et al. 2000b (Ochatt et al. , 2010 , while direct somatic embryogenesis or from callus using different explants of Vicia sp. has proven elusive (Griga et al. 1987) , often unreliable in laboratories other than those where the methods had been developed, and was sometimes developed not for V. faba but for other related species such as V. narbonensis (Albrecht and Kohlenbach 1989; Pickardt et al. 1989; Hattori 2006, 2007; Bahgat et al. 2009) .
It has been shown that several stress factors may amplify the regeneration responses and that their simultaneous use might be a key to overriding regeneration competence in vitro in particular via somatic embryogenesis (Ochatt et al. 2010; Ochatt and Revilla 2016) . In this respect, it is possible that the leaf callus of Frisson pea grown in the dark might have been more regeneration-competent than those grown constantly under a photoperiodic light regime, notably during early embryogenetic stages and on the same culture media. However, media T4 and B6 gave regeneration rates comparable or higher than for the controls, but only provided PSK was added and at a concentration of 10 −8 M PSK, while 10 −6 M PSK reduced embryo induction. This would suggest that in presence of a strong cytokinin (medium T4) or when a weaker one is used but the medium also contains an auxin (medium B6) the optimum PSK concentration is 10 −8 M, perhaps due to complex interactions in place between PSK and auxins (Zhang et al. 2018 ).
Several studies have demonstrated that the meristem can be used as a source of totipotent cells for transformation or in vitro selection and our results are in agreement with this. With faba bean, tissue darkening from accumulation of phenol oxidation products inhibited cell division, led to tissue darkening, necrosis and finally death in our studies as also seen by others (Griga and Klenoticova 1994; Hattori 2006, 2007; Bahgat et al. 2009 ). Such responses may result from its high sensitivity to in vitro conditions such as changes in the water regime, temperature or light in the culture vessels that stimulate phenol oxidation. Previous studies recommended the use of antioxidants (Sahu et al. 1993) , in particular citric acid to resolve this problem in regenerants from shoot apices and cotyledonary nodes with pre-existing meristems (Klenotičova et al. 2013) . In our preliminary experiments we compared also a number of antioxidants but results, although improved, were unreliable between experiments when explants without pre-existing meristems were used, as also seen by Skrzypek et al. (2013) where only 10% of cotyledon explants regenerated viable plants.
Regardless of the genotype studied, a non-negligible hyperhydricity (up to 30%) occurred in cotyledonary node explants on BAP medium without PSK, suggesting both a negative correlation between BAP and PSK but also a remediating effect of hyperhydricity by PSK. In the past hyperhydricity has been ascribed to various physiological and nutritional disorders in vitro (Gaspar et al. 1987; Debergh et al. 1992) , and also to an alteration of DNA synthesis (Ochatt et al. 2002) . Yamakawa et al. (1998b) observed that PSK promoted chlorophyll formation in etiolated cucumber cotyledons, and Matsubayashi et al. (1999) reported a stimulating effect of PSK on the differentiation of treachery elements. This is relevant as hyperhydricity is also associated with a reduced chlorophyll biosynthesis, a disrupted vascular continuity and abnormal stem architecture in the affected tissues. It is therefore likely that similar mechanism(s) were in action here, in particular for pea where PSK completely countered hyperhydricity and, to a lesser extent, also with faba bean which is reportedly more prone to becoming hyperhydric in vitro (Klenotičova et al. 2013; Skrzypek et al. 2013) .
Our results on somatic embryogenesis from faba bean callus obtained are encouraging in that they are comparable or better (since embryogenic callus was also obtained from leaf explants) to those in the literature (Griga et al. 1987) even without PSK, and because callus were not as prone to oxidation or blackening as in previous reports by Griga et al. (1987) and Skrzypek et al. (2013) dealing with genotypes rich in tannin (i.e. homozygous for the two genes ZT1 and ZT2; Webb et al. 2016) , as opposed to our EE0T0V isogenic line which is tannin-free (Duc et al. 1999 ). However, Klenotičova et al. (2013) observed extensive browning also in cultures of shoot apices and cotyledonary nodes of faba bean cultivars with zero tannins.
Somatic embryogenesis with conversion to plantlets in pea is a breakthrough, as to date and in our hands, cultivars Frisson and Cameor had failed to reproducibly regenerate somatic embryo-derived plants (Ochatt et al. 2000b , while the addition of PSK reliably unblocked this. Aside from these already original and significant observations for such notoriously recalcitrant species, in order to complete these work by a more mechanistic study, it would be important to examine the histological kinetics of the onset of embryogenesis in presence of PSK to unveil the reasons underlying the arrest of somatic embryo maturation at early stages for some media, particularly for faba bean, through a study of the interaction of PSK with other plant growth regulators (Bahyrycz et al. 2004 ) and also through the assessments of the potential effects of PSK on DNA synthesis (Elmaghrabi and Ochatt 2006) and cell signaling (Zhang et al. 2018) . In any case, these studies should help in applying the recent NPBT to the recalcitrant legumes for an improved resistance to abiotic stress for a sustainable agriculture, and also in adding a brick to answer one of the oldest questions in plant biotechnology (Ochatt et al. 2010) , i.e., why are some species amenable to in vitro regeneration while others remain remarkably recalcitrant?
